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In most models of dark energy the structure formation stops when the accelerated expansion 
begins. In contrast, we show that the coupling of dark energy to dark matter may induce the 
growth of perturbations even in the accelerated regime. In particular, we show that this occurs 
in the models proposed to solve the cosmic coincidence problem, in which the ratio of dark 
' energy to dark matter is constant. Moreover, if the dark energy couples only to dark matter 

■^j- I and not to baryons, as requested by the constraints imposed by local gravity measurements, 

, the baryon fluctuations develop a constant, scale-independent, large-scale bias which is in 

' principle directly observable. 

o 

As it has been shownS'i, an epoch of acceleration! with a constant non-vanishing f2 c can be 
realized by coupling dark matter to dark energy. In fact, a dark energy scalar field (f> governed 
by an exponential potential linearly coupled to dark matter yields, in a certain region of the 
parameter space, an accelerated expansion with a constant ratio O c /f2^ and a constant parameter 



Oh 



o 



of state ivj,, referred to as a stationary accelerated era. Similar models have been discussed 
elsewhere □. We showed that in fact the conditions of constant and uniquely determine 
the potential and the coupling of the dark energy field. The main motivation to consider a 
stationary dynamics is that it would solve the cosmic coincidence problem of the near equivalence 
at the present of the dark energy and dark matter densities, since they scale identically with time. 
Further theoretical motivations for coupled dark energy have been put forwardotM. 

Consider three components, a scalar field (/>, baryons and CDM described by the energy- 
momentum tensors T^i^, and T^m, respectively. General covariance requires the con- 
servation of their sum, so that it is possible to consider a coupling such that, for instance, 



where n 2 = 8irG, while the baryons are assumed uncoupled Tff, b y = because local gravity 
constraints indicate a baryon coupling < O.O10lli. Let us derive the background equations in 
the flat conformal FRW metric. The equations for this model have been described in another work 
0, in which a similar model (but with a variable coupling) was studied. We restrict ourselves 
to the case in which radiation has already redshifted away. For the scalar field we assume a 
potential U(4>) = JJoe~^/ 2 ~^ flK ^ . The coupling (5 can be seen as the relative strength of the dark 



a To appear in the proceedings of the XXXVIIth Rencontres de Moriond, "The Cosmological Model", Les Arcs, 
France, March 2002. 



Table 1: Critical points. 
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matter-dark energy interaction with respect to the gravitational force. The only parameters of 
our model are f3 and p (the constant Uq canalways be rescaled away by a redefinition of 4>). The 
system is best studied in the new variables UlrO x = K(f>' /\/6, V = and v = j^^pb/3, 

where the prime stands for derivations respect to log a. The CDM energy density parameter is 
obviously f2 c = 1 — x 2 — y 2 — v 2 while we also have = x 2 + y 2 , and = v 2 . The system is 
subject to the condition x 2 + y 2 + v 2 < 1. The critical points of the resulting dynamical system 
are listed in Tab. 1. We denoted with w e = 1+Ptot/ Ptot = l+x 2 — y 2 the total parameter of state. 
On all critical points the scale factor expansion is given by a ~ T vl^-p = fp ( w here p = 2/(3w e ), 
while each component scales as a~ 3We . In the table we also denoted g = 4/3 2 + 4/3/x + 18, and we 
used the subscripts b, c to denote the existence of baryons or matter, respectively, beside dark 
energy. 

From now on we will discuss the global attractor 6 C , the only critical point that may be 
stationary (i.e. Q c and finite and constant) and accelerated. On this attractor the two pa- 
rameters j3 and p are uniquely fixed by the observed amount of f2 c and by the present acceleration 
parameter (or equivalently by w e = p/(p + f3) ). For instance, O c = 0.20 and w e = 0.23 gives 
/x = 3 and (3 = 10. 

Definining the perturbation variables 5 C = 5p c /p c , 5b = 5pb/pb, ^-'■p = 5<j), after algebraic 
manipulations the following second order equations for CDM and baryons are found EJ in the 
synchronous gauge for the wavenumber k : 

S'c + \ (4 - 3w e - 4px) 5' c - ^n c 6 c = 
S'l + ^(4-3w e )6' b -^n c 6 c = 0, 

where H = dloga/dr. These equations are valid for subhorizon scales, that is k/H 3> 1. Im- 
portant differences with respect to the equations of the standard matter-dominated case appear 
clearly: the friction term is modified; the constant non-vanishing dynamical term 7f2 c 0i'i, which 
can be much larger than unity due to the extra pull of the new interaction, drives the growth of 
perturbation even in presence of an accelerated expansion. The quantities x, w e and Q c are given 
in Tab.l as functions of the fundamental parameters p,/3 and 7 = 1 + 4/3 2 /3. The solutions!^ 
are 5 C = a m± and 5b = ba m± where 

m± = i [-4 + 3w e + 4/3x ± A] 
b± = 3ft c /(37^ c + 4/3xm ± ) 

where A 2 = (2A>y£l c + (-4 + 3w e + A(3x) 2 ). The constant b = 5 b /5 c = b + is the bias factor of the 
growing solution m = m + . The scalar field solution is ip (Hoa^ p ~ 1 ^ p / k) 2 5 c {f3£l c + mbx). For 



subhorizon wavelengths <p (which is proportional to dp^/p^ ) is always much smaller than 6 C , <5& 
at the present time (although it could outgrow the matter perturbations in the future if p > 1). 

The solutions m±,b± apply to all the critical solutions of Tab. 1 (for 0& ^ the solution 
can be further generalized). It is interesting to observe that for > 1 the growth exponent 
m + diverges as p(3/(p + (3): the gravitational instability becomes infinitely strong. Let us now 
focus on the stationary attractor b c . Four crucial properties of the solutions will be relevant for 
what follows: first, the perturbations grow (i.e. m > 0) for all the parameters that make the 
stationary attractor stable; second, the baryons are antibiased (i.e. b < 1) for the parameters 
that give acceleration; third, in the k 3> H limit (and in the linear regime), the bias factor is scale 
independent and constant in time; and fourth, the bias is independent of the initial conditions. 

If one studies the perturbations in the Newtonian gauge it can be shown that a similiar bias 
develops for the velocity fluctuations, 9b = b9 c , with 9 = ik' l 5ui/a, where Ui is the peculiar 
velocity. This could bring interesting observational consequences. 

The species-dependent coupling generates a biasing between the baryon and the dark matter 
distributions. In contrast, the biasjrften discussed in literature concerns the distribution only of 
the very small fraction of baryons clustered in luminous bodies and it appears to depend on 
luminosity and type@. A first guess could be that the bulkof baryons follow the distribution of 
low-luminosity objects, since they contain most of the masstJ. Very recently it was foundlia that 
in the 2dFGRS catalog the average galaxy bias is close to unity, while galaxies with L = L* are 
slightly antibiased (b = 0.92 ± 0.11) and galaxies with L <C L* even more so. Moreover, quite 
remarkably, Verde et al. (2001) 1151 detected a scale-independent bias from 13 to 65 /i _1 Mpc, 
scales at which our linear calculations should hold quite well. Similarly, galaxies from the IRAS- 
PSCz survey are also antibiased t3: b = 0.8 ± 0.2, a result that agrees with other estimations EJ. 
Inclusion of baryons belonging to weakly clustered objects like Lyman-a clouds can only lower 
the total baryon bias 113. If anything, therefore, current estimates indicate b < 1 for the total 
baryon distribution. To be conservative, here we consider only very broad limits to b: since the 
acceleration requires antibias, we assume 0.5 < b < 1. 

In Fig. 1 we show all the various constraints. To summarize, they are: a) the present dark 
energy density 0.6 < O^ < 0.8; b) the present acceleration (w e < 2/3, implying (3 > jti/2); 
c) the baryon bias 1 > b > 0.5. On the stationary attractor there is a mapping between the 
fundamental parameters p, (3 and the observables u^fi^, so one can plot the constraints on 
either pair of variables. It turns out that these conditions confine the parameters in the small 
dark shaded area, corresponding to 0.59 < w e < 0.67 or 

1.1</3<1.4, 2.0</i<2.6. 

Therefore, the parameters of the stationary attractor are determined to within 20% roughly. It 
is actually remarkable that an allowed region exists at all. The growth rate m is approximately 
0.5 in this region. For b > 0.73 the possibility of a stationary accelerated attractor able to solve 
the coincidence problem would be ruled out. 

The observation of a constant, scale-independent, large-scale antibias would constitute a 
strong indication in favor of a dark matter-dark energy coupling and would indicate a bias 
mechanism well distinguishable from the hydrodynamical one. Furthermore the growth rate m 
is an observable quantity that can be employed to test the stationarity, for instance estimating 
the evolution of clustering with redshift. The combined test of b and m will be a very powerful 
test for the dark matter-dark energy interaction. 

It is reasonable to expect that a similar baryon bias develops whenever there is a species- 
dependent coupling; its observation would therefore constitute a test of the equivalence principle. 
At the same time, the species-dependent coupling is requested to provide stationarity without 
conflicting with local gravity experiments. Therefore, we conjecture that the baryon bias is a 
strong test for all stationary dynamics. 




Figure 1: Constraints on the stationary model: below the horizontal line the expansion is accelerated; in the light 
grey region the bias is between 0.5 and 1; between the vertical lines Q$ is within the observed range. The dark 

grey region is the surviving parameter space. 
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